We show that the Mre11 complex associates with E2F family members via the Nbs1 N terminus. This association and Nbs1 phosphorylation are correlated with S-phase checkpoint proficiency, whereas neither is sufficient individually for checkpoint activation. The Nbs1 E2F interaction occurred near the Epstein-Barr virus origin of replication as well as near a chromosomal replication origin in the c-myc promoter region and was restricted to S-phase cells. The Mre11 complex colocalized with PCNA at replication forks throughout S phase, both prior to and coincident with the appearance of nascent DNA. These data suggest that the Mre11 complex suppresses genomic instability through its influence on both the regulation and progression of DNA replication.
The Mre11 complex (composed of Mre11, Rad50, and Nbs1) and the ataxia-telangiectasia mutated (ATM) protein kinase are required to activate a DNA damage-induced Sphase checkpoint in mammalian cells (46) 
. Mutations in the ATM, MRE11, or NBS1 gene (from patients with ataxia-telangiectasia [A-T], ataxia-telangiectasia-like disorder [A-TLD], or
Nijmegen breakage syndrome [NBS] , respectively) abrogate this checkpoint (12, 52, 58, 66) . Mutant cells fail to repress the firing of DNA replication origins in the presence of ionizing radiation (IR)-induced DNA damage, a phenomenon termed radioresistant DNA synthesis (RDS) (28, 42) . Hence, the Mre11 complex can act as a negative regulator of DNA replication origins in response to DNA damage.
The Mre11 complex is also important for recombinational DNA repair, as established by genetic analyses with Saccharomyces cerevisiae (21) . Both the conservation of Mre11 and Rad50 and in vitro studies of the human Mre11 complex strongly suggest that the human Mre11 complex also functions in DNA recombination (43, 44, 63) . DNA recombination and DNA replication functions are intrinsically linked; thus, Mre11 complex recombination functions are implicated in S-phase progression in addition to its role in S-phase regulation. In vertebrates, null mutants of the Mre11 complex are inviable (33, 68, 73) , and DT40 cells depleted of Mre11 die with chromosome damage indicative of failure to resolve double-strand breaks arising during DNA replication (69) . This suggests that the complex's recombination functions are required for DNA replication in a manner analogous to that of Rad51 (45, 69) . In Rad51-deficient cells, spontaneous chromosomal breakage during DNA replication leads to cell death (32, 54, 56, 64) . It is not clear whether the Mre11 complex's influence on the S-phase checkpoint is related to its DNA recombination functions.
The Nbs1 protein is an important link between the Mre11 complex and the ATM-controlled S-phase checkpoint. ATM phosphorylates Nbs1 (20, 31, 67, 72) , and this event is required for checkpoint activation (31, 72) . Its role in cell cycle regulation is consistent with the fact that Nbs1 contains a forkheadassociated (FHA) domain and a BRCA1 C-terminal (BRCT) domain (66) , each of which is found in a number of proteins that effect DNA damage-dependent checkpoint functions (4, 10, 22, 57, 59) .
We identified the E2F1 transcription factor in a screen for proteins that interacted with the Nbs1 N-terminal region and established evidence that this interaction occurs on chromatin near a defined DNA replication origin. The interaction between E2F1 and Nbs1 was abrogated or significantly reduced in NBS and A-TLD cells, respectively. Further, we found the Mre11 complex undergoes dramatic relocalization during DNA replication in a manner analogous to that seen in damaged cells (35, 37, 38) . The data presented in this study suggest that the Mre11 complex directly influences S-phase progression both near replication origins via its interaction with E2F1 and at replication forks.
MATERIALS AND METHODS

Cells.
Normal lymphoblastoid cells (721) were obtained from B. Sugden. Raji 525-7 cells were a gift from D. Eick and were grown in RPMI-10% calf serum-200 g of hygromycin per ml. E14 embryonic stem cells were propagated as described previously (47) . All other cell lines have been described previously (12, 58) . Raji cells were synchronized by incubation in the presence of 2 mM thymidine for 14 h, released into drug-free medium for 11 h, and incubated in the presence of 1 g of aphidicolin/ml for 14 h. Cells were then released into drug-free medium and harvested.
Immunological reagents. Nbs1 (#16) and Mre11 (#59) antisera were described previously (12, 58) . E2F1 C20, E2F1 KH95, E2F2 C20, E2F3 C18, E2F3 N20, E2F4 C20, retinoblastoma (Rb) 1F8, Ets1/2 C275, and promyelocytic leukemia protein PG-M3 antibodies were obtained from Santa Cruz Biotechnology. E2F1 mixed monoclonal antibody (KH20ϩKH95) was purchased from Upstate Biotechnology. Anti-PCNA PC10 was from Oncogene Research Products. E2F1 mixed monoclonal antibody (SQ41ϩSQ71) was from Neomarkers. Secondary antibodies for immunofluorescence were obtained from Jackson Immunoresearch Laboratories. Murine Nbs1 rabbit polyclonal antiserum 93 was raised against amino acids (aa) 1 to 645 of murine Nbs1. E2F1 rabbit polyclonal antiserum 70 was raised against aa 282 to 416.
Immunoprecipitation and phosphatase assays. For coimmunoprecipitation assays, cells were lysed as described previously (58) . Cleared lysates were immunoprecipitated with preimmune serum, Nbs1 or Mre11 antiserum, or 5 g of antibodies against E2F1, E2F2, E2F3, E2F4, or Rb. Immunoprecipitates were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose using standard methods (2) . Immunoblotting was carried out as described previously (12, 58) . To control for artifactual coimmunoprecipitation resulting from contaminating DNA in the extracts, immunoprecipitations were carried out in the presence of 300 g of ethidium bromide/ml to disrupt protein-DNA interactions, as described previously (25) .
For phosphorylation assays, Nbs1 immunoprecipitations and phosphatase assays were carried out, as described previously (31), using 50 U of phosphatase (NEB) or an equivalent volume of storage buffer for mock-treated samples.
Immunofluorescence assays. Cells were plated on glass coverslips 24 h before each experiment. Before fixation, in situ cell fractionation was performed as described previously (39) . The cells were then fixed in modified Streck tissue fixative for 30 min at room temperature (RT) and permeabilized for 15 min at RT as described previously (38) .
Cells were blocked with 10% fetal calf serum (FCS) in phosphate-buffered saline (PBS) and then stained with primary antibody diluted in PBS with 5% FCS for 1 h at RT, followed by staining with secondary antibody for 30 min. 4Ј,6Ј-Diamidino-2-phenylindole (DAPI) counterstain was used at a final concentration of 0.05 g/ml in the last wash. Controls with preimmune serum or secondary antibody alone were negative.
For bromodeoxyuridine (BrdU) labeling, cells were labeled with 10 M BrdU for 4 h and then were washed and processed for immunofluorescent staining as described above. After the secondary antibody incubation, samples were fixed again in 4% paraformaldehyde for 30 min at RT and then were incubated with 50 mM glycine for 10 min at RT. DNA was denatured with 4 N HCl plus 0.1% Triton X-100 for 10 min at RT, and then samples were extensively washed in PBS, followed by a 50 mM glycine wash. Cells were incubated for 1 h at RT with fluorescein isothiocyanate-conjugated monoclonal BrdU antibody (Becton Dickinson) diluted at 0.8 g/ml in PBS plus 5% FCS plus 0.3% Triton X-100.
Images were captured with a charge-coupled device camera (Princeton Instruments), and gray scale images were processed using IP Labs (Scanalytics) and Photoshop 5.5 (Adobe) software.
Yeast two-hybrid assays. Two-hybrid interaction screening was performed as described previously (12) , using Nbs1 expressed as a fusion to the GAL4 DNA binding domain and a human B-lymphoblastoid cDNA library. Derivatives of E2F1 and Nbs1 were cloned by standard methods (2) as GAL4 DNA binding or activation domain fusions. Interaction testing was performed on both histidine (with 3 mM 3-aminotriazole) and adenine selection, using three independent clones for each interaction.
Chromatin immunoprecipitations. Cells were formaldehyde cross-linked essentially as described previously for HeLa cells (7) , except that cells were swelled in 5 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES) (pH 8.0), 85 mM KCl, 0.5% IGEPAL CA-330, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 100 ng of leupeptin/ml, and 100 ng of aprotinin/ml instead of reticulocyte standard buffer. Chromatin was sheared to an average size of approximately 1,000 bp. Each immunoprecipitation reaction contained 1 g of antibody. One g of rabbit anti-mouse antibody (ICN) was added to E2F1 (KH20ϩKH95) antibody reactions for the last hour of immunoprecipitation. Antibody-protein-DNA complexes were isolated by immunoprecipitation with preblocked protein A-positive Staphylococcus aureus cells. Following extensive washes, bound DNA fragments were eluted and analyzed by PCR.
PCR analysis and Southern blotting. Immunoprecipitates were dissolved in 30 l of water (except for input samples, which were dissolved in 1,000 l of water). Each reaction mixture contained 2 l of immunoprecipitated DNA, 1ϫ Taq reaction buffer, 1.5 mM MgCl 2 , 50 ng of each primer, 1.7 U of Taq polymerase (Promega), 200 M each deoxynucleoside triphosphate, and 1 M betaine in a final reaction volume of 20 l. PCR mixtures were amplified for 1 cycle of 95°C for 5 min, annealing temperature of the primers for 5 min, and 72°C for 3 min and either 28 (episomal) or 33 (endogenous) cycles of 95°C for 1 min, annealing temperature of the primers for 2 min, and 72°C for 1.5 min, followed by incubation at 72°C for 7 min. PCR products were electrophoresed through a 1.5% agarose gel and visualized with ethidium bromide. Linearity of PCR conditions was tested in reaction mixtures containing 0.1, 1, 2, or 4 l of immunoprecipitated DNA and was analyzed by Southern blotting (6) . The PCR primers (University of Wisconsin Biotechnology Center) used were the following: oriP 8099, 5Ј-CGCTCAGGCGCAAGTGTGTGTA-3Ј; oriP 8512, 5Ј-GGCAGGGACCAA GACAGGTGAA-3Ј; Myc 2411, 5Ј-GGCTTCTCAGAGGCTTGGCGGC-3Ј; Myc 2857, 5Ј-0-3Ј; MycDE2F, 5Ј-GGCTTCTCAGAGGCTTGAATTC-3Ј.
RESULTS
Nbs1 phosphorylation is not sufficient for activation of the S-phase checkpoint. NBS lymphoblastoid cells homozygous for the common nbs1 657del5 allele (66) express an aberrant Nbs1 protein species, Nbs1 p70 , that lacks the N-terminal 221 aa but remains associated with the Mre11 complex (36) . NBS lymphoblastoid cells exhibited RDS, as shown previously for untransformed lymphocytes (36, 60, 61) . Hence, the FHA and BRCT domains missing from the N terminus in Nbs1 p70 are likely to influence the S-phase regulatory function of the Mre11 complex.
ATM phosphorylates Nbs1 in response to IR, and this event is necessary for activation of the S-phase checkpoint (20, 31, 67, 72) . We asked whether Nbs1 p70 , which contains the primary IR-induced phosphorylation site, serine 343, was phosphorylated in response to IR. Nbs1 p70 was phosphorylated after IR (Fig. 1A) . In addition, IR-induced Nbs1 phosphorylation was observed in A-TLD3 cells but was nearly absent in A-TLD2 cells (Fig. 1B) . Since each of these cells exhibits RDS, phosphorylation of either Nbs1 p70 or full-length Nbs1 (present in A-TLD cells) is not sufficient for activation of the DNA damage-induced S-phase checkpoint.
Nbs1 associates with E2F1. S-phase checkpoint failure in Nbs1 p70 -containing cells, notwithstanding IR-induced phosphorylation, suggested that the Nbs1 N-terminal region is required for checkpoint activation. We undertook a yeast two-hybrid screen to identify protein interactions mediated by the FHA and BRCT domains in the Nbs1 N terminus. Among 35 positive interactors representing 5 distinct genes, 2 encoded nearly full-length human E2F1 (aa 27 to 437). The interaction with E2F1 occurred via the N terminus of Nbs1 ( Fig. 2A, p95N ) (data not shown). (Fig. 2C) . Thus, the FHA and BRCT domains missing from Nbs1 p70 are required for Nbs1's association with E2F1 but not Mre11.
Deletion analyses indicated that the E2F1 Nbs1 interaction domain (Fig. 2D) encompassed portions of the marked box (aa 284 to 320) (30) and the transactivation and Rb-binding domains (aa 363 to 416) (55) . Neither of these regions of E2F1 alone was sufficient for interaction with Nbs1 (Fig. 2D) . Although Rb immunoprecipitated with E2F1 and Nbs1 (Fig. 2B) , this assay could not distinguish whether the Mre11 complex-E2F1 association is exclusive of E2F1 association with Rb. Since the Mre11 complex is much more abundant than E2F1, it is expected that most Mre11 complex members are not associated with E2F. Nonetheless, E2F1 is present in Nbs1 and Mre11 immunoprecipitates from murine embryonic stem cell extracts (Fig. 2B) .
E2F1 targets the Mre11 complex to E2F sites. Recent findings for Drosophila melanogaster suggest that dE2F is important for the proper localization of the origin recognition complex (ORC) complex within the chorion gene cluster during embryogenesis. This effect does not require dE2F transcriptional activity, suggesting that dE2F acts directly at or near origins of replication (51) .
The Epstein-Barr virus (EBV) latent origin of replication, oriP, is regulated similarly to chromosomal origins during normal growth as well as after DNA damage (1, 13, 26, 71) . Therefore, we examined oriP as a potential site of Nbs1-E2F interaction. Two E2F binding sites were found within 400 bp of oriP (Fig. 3A) , as determined by DNA sequencing and mobility shift assays (data not shown). Chromatin immunoprecipitations were prepared from formaldehyde-cross-linked, logarithmically growing cells to test whether Nbs1 and E2F1 bound E2F sites near oriP and at chromosomal loci linked to replication origin activity. Nbs1 (and Mre11) and E2F family members bound near EBV oriP in Raji cells containing an oriP episome (Fig. 3B and data not shown) . Nbs1, presumably via E2F2, also bound at chromosomal E2F sites in the vicinity of the c-myc promoter, a region which has been shown to contain replication origin activity (62) (Fig. 3B) .
We tested whether Nbs1-E2F1 binding to origin-proximal E2F sites was altered during S phase. Chromatin immunoprecipitations were performed on synchronized cells harvested at time points during S-phase progression (Fig. 3D ) and were examined for E2F site occupancy. Nbs1 and E2F1 binding at the c-myc E2F site as well as at the episomal oriP site increased markedly as cells progressed from G 1 /S phase to mid-S phase (Fig. 3E) . In contrast, E2F3 and E2F4 occupancy did not appear to be modulated during S-phase progression. These data were performed on log phase Raji cells carrying an episomal plasmid containing a mutant E2F site in the c-myc promoter (mycDE2F), allowing Ets1/2 binding. Primers near E2F sites in oriP and the promoters of c-myc and mycDE2F were used to amplify DNA fragments from the indicated immunoprecipitations. Input, 0.1% of the total isolated chromatin; mock, no-antibody control; Pre Imm, Nbs1 preimmune antiserum (#16). PCRs were performed in the linear range (see Materials and Methods). (C) The Mre11 complex fails to bind to E2F sites in NBS cells. Chromatin immunoprecipitations were performed as described in the legend to panel B with the indicated antibodies from formaldehyde-cross-linked NBS lymphoblasts, and PCR was performed with c-myc-specific primers to detect bound DNA. PI, preimmune. (D) Cell cycle profiles of synchronized Raji cells used for the experiment depicted in panel E. Cells were synchronized at the G 1 /S border and released into S phase. Cells were harvested for propidium iodide staining and for chromatin immunoprecipitations (shown in panel E). The cells were harvested at 0 h (G 1 /S phase), 3 h (early S phase), 5 h (mid-S phase), and 7 h (late S phase) after release from synchrony. A representative log phase profile is shown for comparison. (E) Nbs1 localization to E2F sites in synchronized cells. Raji cells were synchronized at the G 1 /S border, released into S phase, and harvested at various times after release (given in the legend to panel D). Chromatin immunoprecipitations using the indicated antibodies were performed, and PCR using primers specific to the indicated loci was used to amplify those DNA fragments in the immunoprecipitates.
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Mre11 COMPLEX IN DNA REPLICATIONsuggest the E2F1-Nbs1 interaction at the origin-proximal E2F site is enhanced when replication origins are active. Neither Nbs1 nor E2F bound to an episomal c-myc promoter in which the E2F site was mutated to allow Ets1/2 binding (mycDE2F; Fig. 3B ), nor were they found at a genomic locus (Fra1) lacking E2F binding sites (data not shown). In NBS cells, neither Nbs1 p70 nor Mre11 bound to E2F sites, whereas E2F1 binding was unaffected (Fig. 3C) . Thus, Nbs1 binding to E2F sites was dependent on E2F1.
A-TLD but not A-T cells are deficient in Nbs1-E2F1 association.
To determine whether lack of Nbs1-E2F1 interaction was correlated with abrogation of the S-phase checkpoint, we carried out immunoprecipitations from A-TLD and A-T cells. The Mre11 complex-E2F1 association was reduced in both A-TLD2 (R633X Mre11 mutant [58] ) and A-TLD3 cells (N117S Mre11 mutant) but remained intact in A-T cells (Fig.  4) . Rb coimmunoprecipitated with E2F1 in both types of A-TLD cells (Fig. 4) , demonstrating that the defective Nbs1-E2F1 association was intrinsic to the mutant Mre11 complex. Thus, disruption of the Mre11 complex-E2F1 association is common to Mre11 complex mutant cells that lack the S-phase checkpoint. Reduced levels of Nbs1-E2F complexes in A-TLD cells may reflect that Nbs1 is less abundant and is primarily cytoplasmic in these mutants (58) . This interaction remains intact in A-T cells, consistent with the hypothesis that both Nbs1 phosphorylation and E2F interaction are necessary for S-phase checkpoint activation.
The Mre11 complex localizes with replication sites. The phenotypic features of mammalian and yeast Mre11 complex mutants suggest that the complex plays an important role in the regulation of DNA replication in response to DNA damage. We adapted an in situ fractionation technique to assess whether the cytologic behavior of the Mre11 complex during cell cycle progression reflected its S-phase-dependent association with origin-proximal E2F sites (24, 37) . We found that 10 to 20% of normally growing cells exhibited Mre11 and Nbs1 foci similar to those observed in irradiated cells with the same in situ fractionation conditions (37) (Fig. 5 and data not shown). To determine whether the focus-positive cells were in S phase, normal human fibroblasts were pulsed with BrdU and stained for both BrdU and Mre11. Nuclei with Mre11 foci were BrdU positive (Fig. 5a) . PCNA positivity following extraction was also used to identify S-phase cells (8) . As with BrdU incorporation, Mre11 foci were only seen in PCNA-positive cells (Fig. 5b) . These data indicated that the Mre11 complex was associated with sites of DNA replication under normal (i.e., nonstressed) growth conditions. PCNA-containing DNA replication foci undergo characteristic changes as replication progresses (8, 24) . We examined the temporal and spatial relationship between Mre11 and PCNA foci during S-phase progression. At the G 1 /S transition, PCNA is localized at a few discrete sites prior to the appearance of nascent DNA (24) . These early PCNA foci colocalized with many Mre11 foci, consistent with chromatin immunoprecipitation data placing the complex at sites adjacent to replication origins (Fig. 6, top row) . In early-to mid-S phase, Mre11 and PCNA foci were distributed throughout the nucleus and were substantially colocalized (Fig. 6, middle row) . In late S phase, PCNA staining is localized at heterochromatic regions containing late replicating DNA (24) . The majority of these late replication clusters contained both PCNA and Mre11 (Fig.  6, bottom row) . Thus, colocalization of Mre11 was observed with normal DNA replication patterns throughout S phase.
We tested whether Mre11 complex localization to replication sites during normal S phase was ATM dependent. A-T fibroblasts were double labeled for Mre11 and PCNA. The pattern of Mre11 (and Nbs1; data not shown) and PCNA staining in S-phase A-T cells was indistinguishable from that of normal cells (Fig. 7) . Thus, as in cells treated with IR (37), ATM is not required for relocalization of the Mre11 complex in S phase.
DISCUSSION
In this study, we demonstrated that the Mre11 complex physically associates with E2F protein family members via the N terminus of Nbs1. We established evidence that the Nbs1-E2F interaction occurs near an origin of DNA replication and that interaction at those sites is essentially restricted to S-phase cells, suggesting that the interaction coincides with origin activity. Abrogation of the interaction is correlated with S-phase checkpoint deficiency-the failure to suppress origin firing in response to DNA damage-irrespective of ATM-mediated phosphorylation of Nbs1, suggesting that this interaction may facilitate both positive and negative influences on DNA replication. Mre11 complex proteins were also associated with sites of DNA replication removed from the replication origin. We observed colocalization with PCNA at sites of DNA synthesis throughout S phase. Together, these data suggest that the Mre11 complex is important in both the regulation and completion of DNA replication.
Activation of the S-phase checkpoint suppresses the firing of replication origins, whereas the progression of established replication forks is essentially unimpeded (27, 28, 42, 50) . The targets of E2F transcriptional control include genes that en- FIG. 6 . Mre11 complex and PCNA colocalization during S-phase progression in normal cells. 37Lu fibroblasts were doubly labeled with Mre11 (red) and PCNA (green) as for Fig. 5b , and the images were merged. Overlap between the two signals in merged images appears yellow. Top row, early S phase; middle row, early-to mid-S phase; bottom row, mid-to late-S phase. Stages were determined by the method of Kill et al. (24) .
code enzymes required for DNA synthesis; these enzymes are presumably required for replication fork progression (16) . Thus, it is unlikely that the Nbs1-E2F1 interaction influences the S-phase checkpoint through altering E2F1-dependent transcriptional regulation. Supporting this interpretation, we found that gamma irradiation of murine embryonic fibroblasts or human lymphoblastoid cells transfected with an E2F1-dependent luciferase reporter did not alter luciferase expression (data not shown).
Chromatin immunoprecipitation demonstrated E2F-Nbs1 FIG. 7 . Mre11 colocalization with PCNA in A-T fibroblasts. Cells and images were prepared as described in the legend to Fig. 6 . Top row, early S phase; middle row, early-to mid-S phase; bottom row, mid-to late-S phase. Stages were determined by the method of Kill et al. (24) .
VOL. 21, 2001 Mre11 COMPLEX IN DNA REPLICATIONoccupancy of E2F sites in close proximity (within 500 nucleotides [nt]) to replication origins at both oriP and c-myc (62) . These data suggest that a subset of E2F sites may be associated with replication origins in human cells. The E2F-Nbs1 interaction at sites adjacent to replication origins was largely restricted to cells in S phase ( Fig. 3D and E) . Therefore, we hypothesize that the influence of the Mre11 complex and E2F1 on origins of DNA replication is direct. Precedent for this interpretation comes from D. melanogaster. During Drosophila embyrogenesis, endoreduplication of the chorion gene cluster in follicle cells leads to amplification of the chorion genes (11, 41) . The switch from normal replication to endoreduplication is associated with relocalization of the ORC complex at replication origins within the chorion gene cluster (51) . dE2F mutants impair ORC complex localization to those sites. The effect is seen in a dE2F mutant with reduced DNA binding activity that retains transactivation and Rb binding functions. Conversely, ORC localization is normal in a dE2F mutant that retains DNA binding capacity but lacks transactivation and Rb binding activity (51) . Finally, evidence for direct physical interaction between dE2F and the ORC complex has been established (5), consistent with a similar role for human E2F1. These data support a model wherein the sequence-specific DNA binding of E2F1 directs the Mre11 complex to origins of replication where its functions are relevant to origin function. Such recruitment of Mre11 complex functions is also observed at mammalian telomeres via the complex's interaction with the telomere protection protein, TRF2 (74) . Interestingly, the presumptive TRF2 binding sequence, TTAGGG, is found at two sites in oriP and one site in the myc promoter region. Since chromatin immunoprecipitation of oriP with Nbs1 antiserum depends on E2F binding (Fig. 3B) , TRF2-Mre11 complex interaction does not occur at those sites. Previous studies established that the complex's function in S-phase checkpoint activation required phosphorylation of Nbs1 by ATM (31, 72) . In this study, we found that phosphorylation of Nbs1 p70 and Nbs1 occurred in gamma-irradiated NBS and A-TLD3 cells, respectively, indicating that this event is not sufficient for checkpoint activation. We demonstrated that NBS and A-TLD cells were deficient in Nbs1-E2F1 association. Hence, Nbs1-E2F interaction and Nbs1 phosphorylation may both be required for suppression of origin firing in response to DNA damage. The interaction of E2F1-Nbs1 on chromatin or in protein extracts was not affected by DNA damage (data not shown). This suggests that ATM acts on the complex at the sites of DNA replication and presumably alters its activity. This view is consistent with previous data that suggest ATM phosphorylates Nbs1 when it is bound to DNA damage (37) (Fig. 8) .
The nature of the change in activity imparted by Nbs1 phosphorylation and the function(s) of the Mre11 complex at sites of DNA replication remain to be established. Previous analyses have not implicated these proteins in origin firing or in the assembly of the ORC complex (3, 17) . The Mre11 complex may mediate the same functions proximate to origins and at replication forks, as suggested for the minichromosome maintenance proteins (17) . Like the homologous SbcCD complex (14) , the Mre11 complex may process DNA secondary struc- (37) and during DNA replication is independent of ATM. We therefore infer that the Mre11 complex is situated at spontaneously arising DNA breaks or proximal to sites of DNA replication as part of its function in normally growing cells. We propose that upon the induction of DNA damage, ATM is activated and acts on the Mre11 complex engaged at those structures. This implies that the complex's role in S-phase checkpoint activation is partially dependent upon ATM effects on the complex's function at those sites. It is conceivable that ATM modification may also enhance Mre11 complex DNA repair functions, as has been suggested for Tel1-dependent modification of the S. cerevisiae Mre11 complex (65) .
tures that arise at replication forks. Its presence at origins may reflect the processing of secondary structures forming at sites of localized helical distortions during the initiation of DNA synthesis.
An alternative possibility is suggested by the behavior of S. cerevisiae Mre11 complex mutants in the initiation of meiotic recombination. The formation of nuclease hypersensitive sites in meiotic chromatin prior to the initiation of meiotic recombination is altered in Mre11 mutants (19, 40) . The Mre11 complex could affect DNA replication origins by influencing analogous changes in local chromatin architecture (3), with specificity for replication origins conferred by E2F1. Modulation of chromatin structure at the origin may also be governed by E2F1. E2F-Rb and related complexes have been shown to recruit histone modification proteins that alter local chromatin structure during transcriptional activation (18, 48) . A similar role for dE2F in modulation of chromatin structure at replication origins has been proposed (51) .
The colocalization of Mre11 complex proteins with PCNA throughout S phase indicates that the complex also functions at established replication forks. Recombination and replication are intimately linked (49) . Homologous recombination requires both leading and lagging strand replication proteins (23) . Conversely, DNA recombination is required to reestablish collapsed replication forks (15, 34, 53) , and DNA recombination intermediates are formed during DNA replication in normally growing S. cerevisiae cells (75) .
The complex's role in DNA recombination (9, 21) may reflect that human Mre11 complex proteins colocalized with PCNA are functioning in the resolution of damaged or stalled replication forks. This interpretation is consistent with the functions of the bacterial homologue of the Mre11 complex, SbcCD, which has been proposed to degrade secondary structures on the lagging strand template and thereby induces recombination between sister chromatids. This mechanism would stabilize DNA sequences, such as palindromes, that are prone to form aberrant DNA structures (14, 29) . It is likely that the spontaneous genomic instability observed in Mre11 complex mutant cells stems from reduced efficiency in this function and that this contributes to the disease phenotypes observed in NBS and A-TLD patients. The loss of Mre11 complex-E2F interaction must also be considered as a contributing factor in the diverse pathology associated with those syndromes.
